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Abstract

Alzheimer's disease (AD) is the most prevalent form of dementia. Key AD symp-
toms include memory and cognitive decline; however, comorbid symptoms such
as depression and sensory-perceptual dysfunction are often reported. Among
these, a deterioration of olfactory sensation is observed in approximately 90%
of AD patients. However, the precise pathophysiological basis underlying ol-
factory deficits because of AD remains elusive. The olfactory glomeruli in the
olfactory bulb (OB) receive sensory information in the olfactory processing
pathway. Maintaining the structural and functional integrity of the olfactory
glomerulus is critical to olfactory signalling. Herein, we conducted an in-depth
histopathological assessment to reveal detailed structural alterations in the
olfactory glomeruli in AD patients. Fresh frozen post-mortem OB specimens
obtained from six AD patients and seven healthy age-matched individuals were
examined. We used combined immunohistochemistry and stereology to assess
the gross morphology and histological alterations, such as those in the expres-
sion of AP protein, microglia, and neurotransmitters in the OB. Electron mi-
croscopy was employed to study the ultrastructural features in the glomeruli.
Significant accumulation of A, morphologic damage, altered neurotransmitter
levels, and microgliosis in the olfactory glomeruli of AD patients suggests that
glomerular damage could affect olfactory function. Moreover, greater neurode-
generation was observed in the ventral olfactory glomeruli of AD patients. The
synaptic ultrastructure revealed distorted postsynaptic densities and a decline

in presynaptic vesicles in AD specimens. These findings show that the primary

Cheil Moon and Ali Jahanshahi are contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.

Brain Pathology. 2022;32:¢13033.
https://doi.org/10.1111/bpa.13033

wileyonlinelibrary.com/journal/bpa 10f16


www.wileyonlinelibrary.com/journal/bpa
mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-7451-3461
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:a.jahanshahi@maastrichtuniversity.nl
mailto:a.jahanshahi@maastrichtuniversity.nl
mailto:cmoon@dgist.ac.kr

SON ET AL.

= Brain
. Pathology

olfactory pathway is affected by the pathogenesis of AD, and may provide clues

to identifying the mechanism involved in olfactory dysfunction in AD.
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INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative dis-
ease that accounts for 60—80% of all dementia cases [1].
Primary AD symptoms include memory and cognitive
decline, depression, and sensory-perceptual dysfunction
[2, 3]. Deterioration in smelling function is a common
symptom that affects approximately 90% of AD patients
[4]. Since olfactory dysfunction occurs in the early stages
of the disease, studying its underlying pathophysiological
processes could help to understand its mechanisms and
help to develop tools for early diagnosis. So far, neuro-
pathological alterations in cortical olfactory areas have
been considered as the main cause of smelling deficits in
AD [5]. Nevertheless, non-cortical areas, especially the
olfactory bulbs (OB), have recently gained a considerable
deal of attention.

The human olfactory system comprises the primary
and the secondary olfactory pathway. In the primary ol-
factory pathway, the olfactory sensory neurons (OSNs)
in the OE encounter odorants and project their axons to
the OB. Thus, the OB hosts the first synapse in the pri-
mary olfactory processing pathway [6]. OSN synapses,
namely the olfactory glomeruli, are spherical neuropil
structures that wire both peripheral and central neurons
[7]. Olfactory glomeruli act as the site for encoding ol-
factory signals, and a gateway to the secondary olfactory
pathway. In turn, OSNs expressing a specific odorant re-
ceptor gene project their sensory information along their
axons to specific glomeruli with highly precise stereo-
typy, where they form synapses with mitral/tufted cells
and sharpen olfactory signals via lateral inhibition [8].
Ample evidence suggests that these topographical char-
acteristics play a crucial role in the sense of smell [9].
Therefore, maintaining the structural integrity of the
olfactory glomerulus is essential for olfactory signalling
[10]. In vivo studies on rodents have indicated that dam-
aged olfactory glomeruli could contribute to olfactory
dysfunction in mice [11].

The expression of p-amyloid (Ap) plaques is the cardi-
nal pathological hallmark in the brains of patients with
AD. Aggregated AP proteins are positively associated
with impaired synaptic transmission and neural net-
work malfunction [12]. Animal studies have shown that
amyloidosis of amyloid precursor proteins in presynap-
tic terminals reduces excitatory transmitter release and
results in AB-induced synaptic deficits [13]. Moreover,
these synaptic deficits induce postsynaptic depression by

suppressing long-term potentiation or promoting long-
term depression [14]. Additionally, the accumulation of
Ap proteins can trigger sequential pathogenic cascades
such as microglial reactivation and infiltration around
damaged neurons by driving disrupting neurotrans-
mitter release and accelerating amyloidopathy [15, 16].
In AD, the accumulation of AP proteins and abnormal
neuroinflammatory processes can cause structural defi-
cits and functional instability in the neural networks. Ap
protein expression has already been reported in the pri-
mary olfactory pathway of pathologically verified AD
patients [17]. Gliosis has also been shown to impair cell
signalling in the OB of AD patients [18]. However, it is
not clear how and to what extent these aggregates play
a role in the pathophysiology of olfactory impairment.
Herein, we assessed the morphological and histo-
chemical alterations in the olfactory glomeruli of the
OB obtained from clinically confirmed AD patients and
age-matched controls (CTLs). We addressed whether the
structural integrity of the olfactory glomeruli could be
affected by Ap protein expression and microgliosis in in-
dividuals with AD. To this end, we used designed-based
stereology and immunohistochemical analysis as tools
to assess pathological and morphological changes in the
olfactory glomeruli. We measured AP proteins and mi-
croglial morphological change. To predict the functional
consequences of this pathogenesis in the OB, we exam-
ined the dopaminergic neurotransmitter system, a key
factor in OSN signalling for the detection of olfactory
stimuli [19]. Furthermore, we evaluated ultrastructural
changes in the axonal, dendritic, and synaptic structures.

2 | MATERIALS AND METHODS

2.1 | Tissue collection

Post-mortem fresh frozen OBs were obtained from the
Netherlands Brain Bank (NBB) (www.brainbank.nl)
in Amsterdam, The Netherlands. The NBB received
permission to perform autopsies and use tissue and
medical records from the Ethical Committee of the Vrij
Universiteit (VU) Medical Center (Registration num-
ber NHB Project 1147). All donors provided informed
consent for autopsies and the use of their brain tissue
for research purposes. The post-mortem tissues were
stored as non-paraformaldehyde (PFA) fixed fresh fro-
zen tissue.
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2.2 | Specimens

A total of 13 subjects were selected based on the Braak
stages [20] and ApoE/Ap levels, including seven healthy
CTLs and six AD patients (Table 1). All AD patients
were classified into Braak stage 6, of which half har-
boured two €4 alleles of apoE. One subject was excluded
from subregional analysis because of distorted OB tis-
sue. Therefore, the n-number in the AD group is 5 for
some parts of our analysis. Age and sex were not statisti-
cally different between the two groups (healthy CTLs:
four women + three men; AD patients: four women + two
men; mean = SD of age: healthy CTLs vs AD patients:
77 +£12.1 vs 76 £ 7.3 years; p = 0.91). For unbiased protein
immunostaining results, the post-mortem delay (PMD)
time was also similar in the two groups (healthy CTLs:
7.3+2.1[h]; AD: 54+0.9; p=0.1) (Table 2).

The specimens were stored at —80°C upon arrival at
Maastricht University. Tissues for immunohistochemis-
try were embedded in cryo-embedding medium, optimal
cutting temperature (OCT) compound and were cut into
40 pm sections in 10 series and mounted on Superfrost®
Plus slides (VWR, Leuven, Belgium) at a working tem-
perature of —20°C. Given the anterior-posterior orien-
tation of the OBs, coronal sections were prepared for
optimal stereological analysis (Figure SI). Each series

TABLE 1 Subject information
Description Case # Sex Age PMD
CTL
CTL 1 S01/016 F 64 8.5
CTL2 S12/002 M 55 7
CTL3 S11/111 M 93 5
CTL4 S03/035 F 82 11.5
CTL 5 S09/134 F 84 7
CTL 6 S14/029 F 78 7
CTL7 S13/016 M 83 5
AD
AD 1 S15/013 F 73 7.5
AD?2 S12/125 M 71 6.5
AD 3 S14/049 F 78 5
AD 4 S13/040 E 70 4.5
AD 5 S15/040 M 76
AD 6 S13/036 E 90 4
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was processed immunohistochemically and subjected to
stereological quantification.

2.3 | Immunohistochemistry

Slides were air-dried for 30 min at 37°C and post-fixed
with 4% PFA buffer for 20 min at 4°C. After washing
in Tris-buffered saline (TBS) (pH=7.5) for 10 min three
times, slides were incubated with TBS-Triton (TBS-T)
(0.3%) containing 3% normal donkey serum (NDS) for
30 min. Each series of sections was incubated with one
of the following primary antibodies (diluted 1:100-500
in accordance with the manufacturer's instruction in
TBS-T with 3% NDS): mouse anti-6E10, a marker for
Ap (Covance); rabbit anti-All, a marker for oligomeric
AP (Thermo); mouse anti-VGLUT2 (Novus Biologicals);
rabbit anti-tyrosine hydroxylase (TH) (Santa Cruz);
chicken anti-MAP2 (Abcam); and rabbit anti-IBAl
(Wako) for 48 h at 4°C in a humidified chamber. On the
third day, the sections were washed with TBS-T, TBS,
and TBS-T (in this order) for 10 min each and then in-
cubated with secondary antibodies (Invitrogen; diluted
1:200-500 in TBS-T with 3% NDS), including donkey
anti-rabbit Alexa Fluor 488 (against All, IBA1), Alexa
Fluor 647 (against TH), anti-mouse Alexa Fluor 488

Amyloid

Braak level APOE Note

0 B 42 CTL

0 B 43 CTL

1 (0] 33 CTL

1 (0] 33 CTL

1 (0] 33 CTL with infarction

1 A 33 CTL

1 A 33 CTL

6 C 33 AD with CAA and
neurofibrillary
tangles

6 C 33 AD

6 C 44 AD with CAA and
cotton wool plaques

6 C 44 AD

6 C 44 AD with CAA,
amygdala a-
synucleinopathy
and hippocampal
sclerosis

6 C 32 AD with, small

infarction in CAl
and in putamen left

Abbreviations: AD, Alzheimer's disease; CA, cornu ammonis; CAA, cerebral amyloid angiopathy; CTL, non-demented control; PMD, post mortem delay (h).
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TABLE 2 Demographics and descriptive statistics of subjects
CTL AD
Parameters Mean SD () Mean SD (») p-value
Subject 7 6 -
Sex Female: 4 Female: 4 >0.05*
Male: 3 Male: 2
Age (years) 77 12.1 76 7.3 0.91°
PMD (h) 73 2.1 54 0.9 0.10°

Abbreviations: AD, Alzheimer's disease; CTL, non-demented control; PMD,
post mortem delay (h); SD, standard deviation.

#Sex was compared using two-way ANOVA.

bAge and PMD were compared using two-tailed unpaired Welch's #-test.

(against 6E10, VGLUT?2), and anti-chicken Alexa Fluor
647 (against MAP2), for 2 h at room temperature (RT) in
a humidified chamber. After washing in TBS for 10 min
three times, the sections were incubated with Hoechst
33342 (diluted 1:10,000) for 10 min at RT. After washing
in TBS for 10 min three times, slides were submerged
for 10 min in 0.3% Sudan black solution to avoid auto-
fluorescence. After washing rapidly eight times in TBS,
slides were mounted using 80% glycerol in PBS.

2.4 | Fluorescence density measurement

The expression of 6E10 and All was measured using
fluorescence density measurement. Images were taken
with a stereology microscope connected to an Olympus
BXS51WTI using 10x or 20x objectives. ImagelJ (ver. 1.51j8,
NIH, USA) was used for fluorescence intensity measure-
ment, which was quantified using the region of interest
(ROI) using the function ‘Measure’ in ImagelJ. For data-
colour coherence, the fluorescence of VGLUT?2 and
MAP?2 of adjusted to pseudo-colour using a function of
‘Look Up Table’ in ImagelJ (Figure 1G,H). The threshold
was calculated based on negative control sections both in
the CTL and AD sections.

2.5 | Cell counting and area/volume
measurement

Images were taken with a stereology microscope cou-
pled to an Olympus BX51WI using 10x or 20x objectives.
Stereo Investigator (ver. 11, MBF Bioscience, USA) and
ImagelJ (ver. 1.51j8, NIH, USA) software were used for
cell counting and calculating the cross-sectional area,
as previously reported [21]. TH-positive periglomerular
cells co-labelled with Hoechst-nuclei were counted using
‘Optical Fractionator’ in Stereo Investigator. For unbi-
ased quantification, the number and area of individual
glomeruli were measured from the same ‘ROI’ using the
function ‘Measure’ in ImageJ. We used the images taken
after Hoechst counterstaining. The volume of every part

was calculated by multiplying the surface with the section
thickness and the number of slices per series. Finally, all
these parts were summed, and the total volume of the
OBs was calculated.

2.6 | Evaluation of microglial morphology

We assessed the microglial reactivation in the glomeruli
by quantifying the number and morphology of IBA-1-
positive microglial cells. Images were taken with a ste-
reology microscope connected to an Olympus BXSIWI
using a 20x objective and analysed with Image] soft-
ware. The number, size, and morphology of IBA-1 posi-
tive microglial cells were quantified based on previously
published criteria [22, 23]. Based on their morphology,
IBA-I-positive microglial cells were divided into four
types, including ramified, hyper-ramified, bushy, and
amoeboid, and were further subjected to quantification
(Figure 4]-M). For unbiased quantification, the IBA-I
positive microglial cells were assessed in the same ‘ROI’
using the ‘Measure’ function in Imagel.

27 | Three-dimensional reconstruction of the
olfactory bulb

Three-dimensional reconstruction from serial sections of
the OB was conducted to assess the structure, volume, and
distribution of different markers across the OB (Video S1).
For this reconstruction, the images were taken using ste-
reology microscopes connected to an Olympus BXSIWI
camera. We used images taken after immunostaining for
VGLUT2 and MAP2 and Hoechst counterstaining. The
images were stacked using the ‘Stitching’ tool in ImageJ
(ver. 1.5138). Immunofluorescence images were fed into
a virtual structure using a Stereo Investigator software.
Contoured Images were aligned according to the refer-
ence point and fiducial point. Reconstruction was com-
pleted using the ‘Reconstruction’ function (https:/www.
mbfbioscience.com/help/sil1/Content/SSR/SSR _image
Multil.htm) [24].

2.8 | Electron microscopy

Tissue preparation and fixation were performed based
on a published protocol [25]. In brief, the ventral part
of the freshly frozen OB was carefully punched to
extract approximately 1 mm® of a glomerular layer.
Then, tissue was immediately immersed in freshly pre-
pared ice-cold 1.5% PFA in PBS, followed by overnight
incubation in the same solution at 4°C. Thereafter,
the tissue was post-fixed in 3% glutaraldehyde, post-
fixed in osmium tetroxide, dehydrated in ethanol, and
embedded in Epon (EMS, Hatfield, USA). Sections
were cut into 70-nm ultra-thin sections. Ultra-thin


https://www.mbfbioscience.com/help/si11/Content/SSR/SSR_imageMulti1.htm
https://www.mbfbioscience.com/help/si11/Content/SSR/SSR_imageMulti1.htm
https://www.mbfbioscience.com/help/si11/Content/SSR/SSR_imageMulti1.htm
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FIGURE 1

Gross morphology of the human olfactory bulb (OB). Schematic representation of the human OB (A) OB specimens obtained

from an 80-year-old healthy control, and a 73-year-old Alzheimer's disease patient (B and C respectively). Screenshot represents the three-
dimensional reconstruction of the human OB (blue: outer boundaries of the OB; red: glomerular layer; green: granule cell layer (D). A coronal
OB section, stained with Hoechst, showing the laminar organisation of the OB (E; scale bar = 500 pm). The olfactory glomeruli are shown in
a coronal OB section (F; scale bar 100 pm). A coronal OB section was immunohistochemically stained for MAP2 (green) and VGLUT?2 (red)
and counterstained with Hoechst stain (blue) showing the distribution of the glomeruli across the OB (G; scale bar = 500 pm). The neuropil
structure of the olfactory glomeruli is shown in a coronal OB section (H; scale bar = 100 pm). A, anterior; AD, Alzheimer's disease; CTL,
age-matched control; D, dorsal; L, lateral; M, medial; MAP2, microtubule-associated protein 2; OB, olfactory bulb; P, posterior; V, ventral;

VGLUT?2, vesicular glutamatergic protein 2

sections were prepared for transmission electron mi-
croscopy according to a routine procedure for sample
processing. Transmission electron microscopy was
conducted using a Tecnai G2 Spirit BioTWIN electron
microscope (Thermo Fisher Scientific, Eindhoven,
The Netherlands) coupled with an Eagle 4kx4k digi-
tal camera (Thermo Fisher Scientific, Eindhoven, The
Netherlands). Several tissue overview images were

captured and evaluated for possible damage induced
by the freezing procedure. From the overview, higher
magnification images were selected in arecas not pre-
senting any visible freezing damage, and areas within
the captured images of the electron micrographs were
observed. When interpreting images, we took into ac-
count the criteria that had been described in an earlier
study on AD brains [26].
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2.9 | Subregional analysis of the
olfactory bulb

The OB was assessed based on arbitrarily defined dorsal
and ventral subregions (Figure S2). In the frontal ana-
tomical plane, the part of the OB that faced the ventral
surface of the frontal lobe was defined as the dorsal
half, and the opposite half was named the ventral OB
(Figure 1A-D).

Principal component analysis (PCA) was used for mul-
tivariate analysis of distinct pathological factors to con-
struct a predictive model for neurodegeneration in the
above-mentioned subregions of the OB. Eleven param-
eters were used for PCA analysis, including age; Braak
stage; apoE4; the number and size of glomeruli; expres-
sion of AP and TH; and the number of ramified, hyper-
ramified, bushy, and amoeboid microglia in 13 subjects
in each dorsal/ventral region of the olfactory glomeruli.
PCA was conducted using the ‘prcomp ()’ function in R
(ver. 3.6.3). PCA plots were clustered using the ‘ggplot ()’
and ‘fviz_pca_ind ()’ functions in R.

2.10 | Statistical analysis

General statistics were calculated using GraphPad
Prism software (ver. 7.0). Values are presented either as
the mean and standard error of the mean or as the mean
and coefficient of error. Normal distribution of the data
was proved using two-tailed unpaired Welch's ¢-test and
two-way ANOVA together with Sidak's post hoc test.
Data were checked for outliers using the ROUT method
(Q = 1%). Age and sex were used as confounding factors
in the analyses. During experiments, the experimenter
was blinded to the experimental condition to prevent bi-
ased assessment.

3 | RESULTS
3.1 | Gross morphology analysis of the
olfactory glomerulus

In Nissl/Hoechst staining, the CTL OB exhibited a lami-
nar organization (Figure 1E). The olfactory glomerular
layer had discrete spherical assemblies located at the
outer layer of the OB (Figure 1F). Detailed inspection of
the section stained with antibodies against MAP2 and
VGLUT?2 revealed the neuropil structure of the olfactory
glomeruli containing presynaptic vesicles markers and
dendritic fibres in the outer layer of the OB (Figure 1G,
H).

We then quantified the number and size of the glom-
eruli in the AD samples and CTLs samples (Figure 2).
Quantitative volumetry revealed a significant reduc-
tion in the volume of the glomerular layer in AD sam-
ples compared to that in CTL samples (CTL = 1.00,

AD = 0.73, p = 0.0477) (Figure 2A). However, the total
number of glomeruli did not differ between the AD
and CTL samples (CTL = 1.00, AD = 1.04, p = 0.8005)
(Figure 2B). In contrast, the quantitative analysis re-
vealed a significant reduction in average glomerular
cross-sectional area in the AD samples compared to
that in CTL samples (CTL = 1.00, AD = 0.58, p = 0.0011)
(Figure 2C). Similar changes were observed in the dorsal
and ventral subregions of the OB; the total number of
glomeruli (CTL-D = 1.00, AD -D = 1.58, CTL-V = 2.11,
AD-V = 2.09, p > 0.05) (Figure 2D); and the aver-
age glomerular cross-sectional area (CTL-D = 1.00,
AD-D = 0.58, CTL-V = 1.06, AD-V = 0.65, p < 0.05]
(Figure 2E).

3.2 | B-Amyloid immunohistochemistry
Qualitative inspection revealed a robust expression of
Ap in the glomerular layer and to a lesser extent in areas
adjacent to the mitral cell layer (Figure 3; CTL: a, c and
e; AD: b, d and f). Ap was mostly expressed inside the ol-
factory glomeruli (Figure 3B). In addition, the 6E10 was
co-localised with All immunoreactivity (Figure S3A).
Quantitative analysis showed that All immunoreactiv-
ity was also higher in the glomeruli of AD patients than
in the glomeruli of CTLs (Figure S3B).

Quantitative analysis showed a significant differ-
ence in AP expression (6E10- immunoreactivity) in ol-
factory glomeruli in AD samples compared to that in
CTL samples (CTL = 1.00, AD = 3.09 arbitrary unit [au],
p =0.0062) (Figure 3G).

The distribution of A protein was significantly higher
in the ventral than in dorsal glomeruli (CTL-D = 1.00,
AD-D = 4.62, p > 0.05, CTL-V = 148, AD-V = 11.74,
p <0.01) (Figure 3H). The ratio of Ap protein expression
in the ventral glomeruli varied across AD patients, rang-
ing from a fold increase of 1.24 (AD 2) to that of 28.14
(AD 6) (Figure 31,J).

3.3 | Microglia immunohistochemistry

We compared the presence of microglia in the glomeru-
lus between CTL (Figure 4A,C) and AD (Figure 4B,D)
subjects and observed that there was more robust infil-
tration of reactive microglia in the olfactory glomeruli of
AD patients (Figure 4B,D).

The number of the IBA-1-positive microglial cells
was increased in the ventral glomeruli and increased
to a lesser extent in the dorsal glomeruli. Quantitative
analysis revealed a more than two-fold increase in the
number of IBA-1-positive microglial cells in the glom-
eruli of AD patients than in the glomeruli of CTLs
(CTL = 1.00, AD = 2.35, p = 0.0048) (Figure 4E). Both
dorsal and ventral glomeruli showed increased immuno-
reactivity, although the number of IBA-1 positive cells
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FIGURE 2

Quantification of structural alterations in the olfactory bulb. Graphs show the quantification of the structural alterations

in the olfactory glomeruli of healthy controls and Alzheimer's disease patients (A—C). The volume of the glomerular layer (A). The number

of glomeruli (B). The cross-sectional area of glomeruli (C). The number of glomeruli in the dorsal and ventral OB subregions (D). The cross-
sectional area of the glomeruli in the dorsal and ventral OB subregions (E). In (A-C), two-tailed unpaired Welch's ¢-test was performed; in (D,
E), two-way ANOVA together with Sidak's post hoc test was performed. Statistical significance: non-significant, (ns); *p < 0.05; **p <0.01. AD,
Alzheimer's disease; au, arbitrary unit; CTL, age-matched control; D, dorsal; GL, glomerulus; n, the number of subjects; V, ventral

was higher in ventral olfactory glomeruli (CTL-D = 1.00,
AD-D = 2.21, p < 0.01, CTL-V = 140, AD-V = 3.44,
p < 0.001) (Figure 4F). The size of the IBA-1-positive
microglial cell bodies was significantly larger in AD pa-
tients than in CTLs (CTL = 1.00, AD = 1.76, p = 0.0011)
(Figure 4G). The cell size values were greater in the
ventral OB glomeruli than in the dorsal OB glomeruli
(CTL-D = 1.00, AD-D = 1.38, p > 0.05, CTL-V = 0.90,
AD-V =196, p <0.001) (Figure 4H).

Moreover, the microglial cell body size was increased,
and their morphology shifted toward reactive states in
the olfactory glomeruli of AD patients. Quantification
of microglial morphology demonstrated that the mi-
croglia in the normal glomeruli were in ramified, hyper-
ramified, bushy, or amoeboid form with the following
ratio: 0.38:0.21:0.37:0.04 (Figure 4I). In AD-glomeruli,
this ratio was 0.17:0.13:0.33:0.36 (Figure 4I). There
was a sharp decline in the number of ramified forms
(CTL = 1.00, AD = 0.45, p < 0.001) (Figure 4R) and a
rise in the number of amoeboid forms (CTL = 1.00,
AD = 045, p <0.001) (Figure 4U) but not in the num-
ber of hyper-ramified and bush forms in AD samples
compared to that in CTL samples (Figure 4S,T). The

number of ramified microglia decreased significantly in
the ventral part (CTL-D = 1.00, AD-D = 0.61, p > 0.05,
CTL-V = 0.88, AD-V = 0.33, p < 0.05) (Figure 4V). The
number of hyper-ramified and bushy form microglia was
not different in dorsal vs ventral part in CTL and AD
(CTL-D = 1.00, AD-D = 0.93, p > 0.05, CTL-V = 1.18,
AD-V = 0.54, p > 0.05) (Figure 4W), (CTL-D = 1.00,
AD-D = 1.01, p > 0.05, CTL-V = 1.22, AD-V = 097,
p > 0.05) (Figure 4X). The proportion of the amoeboid
form increased in both sides, although the increase
in ventral side was more significant (CTL-D = 0.55,
AD-D = 3.27, p < 0.01, CTL-V = 0.00, AD-V = 6.06,
p <0.001) (Figure 4Y).

3.4 | Tyrosine hydroxylase
immunohistochemistry

Qualitative inspection revealed that TH-positive periglo-
merular cells were co-labelled with Hoechst-nuclei, and
the fibres were intertwined within the neuropil structure
(Figure 5A,C). However, in AD-OB, the TH-positive
neurites were rarely visible (Figure 5B,D).
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FIGURE 3 Representative images of coronal olfactory bulb sections immunohistochemically stained for 6E10. Images show A expression
in the healthy controls (CTLs) (A) and Alzheimer's disease (AD) patients (B). Magnified 6E10 staining in the dorsal olfactory glomeruli (C,

D) and ventral olfactory glomeruli (E, F). Graph shows the quantification of 6E10 expression in the olfactory glomeruli of healthy CTLs and
AD patients (G). Quantification of the subregional distribution of 6E10 in the dorsal and ventral olfactory glomeruli (H). Domain distribution
of fold changes in CTLs (1) and AD patients (J). In graphs (G) and (H), two-tailed unpaired Welch's #-test and two-way ANOVA together

with Sidak's post hoc test were performed respectively. Scale bar: 500 pm (A, B), 250 pm (C-F). Statistical significances: non-significant (ns);

*p <0.05; **p <0.01. +, positive signal; AD, Alzheimer's disease; AON, anterior olfactory nucleus; au, arbitrary unit; CTL, age-matched control;
D, dorsal; FC, fold change; GCL, granule cell layer; GL, glomerular layer; MCL, mitral cell layer; n, the number of subjects; V; ventral

FIGURE 4 Photomicrographs of olfactory bulb sections immunohistochemically stained for IBA-1. Images show microglia cells in

the olfactory bulb (OB) glomeruli of healthy controls (CTLs) and Alzheimer's disease (AD) patients (A-D). Graphs show quantitative data
pertaining to the number (E), dorsal vs ventral distribution (F), and size (G) of the IBA-1 positive microglial cells in the OB of CTLs vs AD
patients. The size of the IBA-1-positive microglial cells in the dorsal vs ventral OB (H). Distribution of microglial with different morphology
in olfactory glomeruli of CTLs and AD patients (I). Different types of microglial morphology in the human olfactory glomerulus (J-Q).
Quantitative data pertaining to the number of microglia with ramified (R), hyper-ramified microglia (S) bushy (T), and amoeboid (U)
morphology in the OB of CTLs vs AD patients. Graphs “V-Y” show quantitative distributing of the ramified (V), hyper-ramified (W), bushy
(X), and amoeboid (Y) microglia in the dorsal vs ventral glomeruli in the OB of CTLs and AD patients. Scale bar 25 pm (A-D), 10 pm (N-Q).
In (E), (G), and (R-U), two-tailed unpaired Welch's z-test was performed; and in (F), (H), and (V-Y), two-way ANOVA together with Sidak's
post hoc test was performed. Statistical significances: non-significant (ns); *p < 0.05; **p < 0.01; ***p < 0.001. A, amoeboid; AD, Alzheimer's
disease; B, bushy; CTL, age-matched control; D, dorsal; H, hyper-ramified; n, the number of subjects; R, ramified; V, ventral
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We quantified the number of TH-positive periglo-
merular cells, which were co-labelled with Hoechst. The
quantitative cell count showed that AD-glomeruli had
fewer TH-periglomerular cells than CTL-glomeruli
(CTL = 1.00, AD = 0.43, p = 0.0011) (Figure 5E). The

lack of TH-positive periglomerular cells was more
prominent in the ventral side of the olfactory glomeruli
than in the dorsal side in AD patients (CTL-D = 1.00,
AD-D = 0.63, p > 0.05, CTL-V = 143, AD-V = 0.42,
p <0.001) (Figure 5F).
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Photomicrographs of olfactory bulb sections immunohistochemically stained fortyrosine hydroxylase. Photomicrographs

taken from the olfactory bulb (OB) sections immunohistochemically stained for tyrosine hydroxylase (TH). Images show the TH-positive cells
in the OB glomeruli of CTLs and AD patients (A-D). The graph shows the quantification of TH expression in the olfactory glomeruli of CTLs
and AD patients (E). Quantitative data pertaining to the number and dorsal/ventral distribution of TH-positive periglomerular cells in the OB
of CTLs and AD patients (F). Scale bar 100 pm. In graphs “E, F” two-tailed unpaired Welch's -test and two-way ANOVA together with Sidak's
post hoc test were performed respectively. Statistical significances: non-significant (ns); **p < 0.01; ***p <0.001. AD, Alzheimer's disease; CTL,

age-matched control; D, dorsal; n, the number of subjects; V, ventral

3.5 | Subregional clustering of the variables
We reassessed the investigated variables based on the re-
gional distribution of changes in the OB region. Using
PCA, ‘dimensionality reduction’ data processing was
conducted on input variables to create a predictive model
based on the anatomical and pathological changes ob-
served in this study. PCA analysis indicated an overlap-
ping pattern of the alterations between CTL and AD
samples in the dorsal OB region (Figure 6A), whereas it
showed distinctively clustered alterations between CTL
and AD in the ventral OB region (Figure 6B).

3.6 | Ultrastructure analysis of the
olfactory glomerulus

The ventral glomerular layer of the OB was assessed
for ultrastructural changes using electron microscopy.
Detailed inspection of the images obtained from AD
specimens revealed neuropil threads containing con-
stricted filaments (Figure 7A—-C). However, in the den-
drites, those constricted filaments were present to a
lesser extent (Figure 7A,B). These highly constricted
filaments had the appearance of dense inclusions
(Figure 7C). In CTL specimens, the synapses con-
tained dense postsynaptic arecas and abundant synaptic
vesicles (Figure 7D,E). In contrast, the synaptic clefts

in AD were lost, the synaptic structure was distorted,
and greater distances between synapses were observed
(Figure 7F,G).

4 | DISCUSSION

Herein, we assessed the morphological and histological
alterations in the OB obtained from patients with ad-
vanced AD and compared them with those in matched
CTLs (Figure 8). We found robust expression of the path-
ological hallmarks of AD, such as Ap accumulation, in
the OB of AD patients, especially in the olfactory glo-
merular layer, where the first synapse is formed with the
OSN. AP accumulation co-existed with additional his-
tological alterations such as infiltration of reactivated
microglia and severe atrophy, mainly caused by loss of
periglomerular cells. Advanced PCA indicated a pre-
dominantly ventral deficit in the glomeruli (Figure 6,
Table 3).

The OB constitutes a layered structure with specific
cell types and functions in each layer. The functional
characteristics and structural integrity of each layer
and the OB are critical for its activity [27]. Our results
showed a severe shrinkage of the olfactory glomerular
layer that could affect signal transduction between OE
and OB neurons and could lead to significant disruption
in olfactory detection (Figure 2). Electron microscopy
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FIGURE 6 Principal component analysis plot of distinct pathological factors in the dorsal and ventral glomeruli of the olfactory bulb.
Principal component analysis (PCA) plot of distinct pathological factors in the dorsal (A) and ventral (B) glomeruli of the olfactory bulb (OB) in
healthy controls and Alzheimer's disease patients. Unit variance scaling was applied to rows, and singular value decomposition with imputation
was used to calculate principal components. X and Y axis show principal component 1 and 2 which explain (a) 91.9%, (b) 8.1% and (a) 99.9%,

(b) 0.1% of the total variance respectively. Prediction ellipses exhibit 0.95 probability. n =7 (CTL), 5 (AD) data points. AD, Alzheimer's disease;
CTL, age-matched control



SON ET AL.

FIGURE 7 The ultrastructure of the olfactory glomerulus. The ultrastructure of the olfactory glomerulus in Alzheimer's disease (AD)
(A—C). Arrowheads indicate neuropil threads formed by constricted dendritic filaments (A—C). Sharp lines are slightly constricted filaments
in neuropil threads in AD dendrites (A, B). Arrowheads in (C) indicate highly constricted filaments (dense bodies). The ultrastructure of
synapse in the olfactory glomerulus in healthy control (D, E) and AD (F, G). White asterisks and black arrows indicate synaptic vesicles and
postsynaptic densities respectively (D, E). Scale bar 2 pm (A), 500 nm (B, C), 200 nm (D-G). AD, Alzheimer's disease; CTL, age-matched
control

D Control Olfactory Bulb Alzheimer’s Olfactory Bulb
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FIGURE 8 Alterations in human olfactory glomeruli with high p-amyloid burden in Alzheimer's disease. A, anterior; AD, Alzheimer's
disease; D, dorsal; OB, olfactory bulb; P, posterior; TH, tyrosine hydroxylase; V, ventral

of the glomeruli revealed detectible damage in this area, containing constricted filaments were observed, which
in accordance with our histological findings (Figure 7). affected dendrites that also shared similar features, as
In the electron microscopy images, neuropil threads revealed in an earlier study on AD brains [26]. During
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TABLE 3 Subregional analysis between AD and CTL
Dorsal Ventral
CTL vs AD
Type Quantifying factors CTL AD 00) CTL AD CTL vs AD (p)
Anatomy [ glomerular # 1.00 1.58 ns 2.21 2.09 ns
Anatomy II glomerular area 1.00 0.58 L) 1.06 0.65 E)
Pathology 1 B-amyloid 1.00 4.62 Ns 1.48 11.74 T (%)
Pathology IT reactive microglia 1.00 1.38 ns 0.90 1.96 1 (=)
Physiology tyrosine hydroxylase 1.00 0.62 ns 1.43 0.42 1 (%)

Abbreviations: AD, Alzheimer's disease; CTL, non-demented control.

#P-value: A two-way ANOVA together with Sidak's post hoc test was performed. Statistical significances are denoted as follows: non-significant (ns); *p < 0.05;

5 < 0.01; #+%p < 0.001.

the qualitative inspection of the synaptic ultrastructure,
we observed distorted postsynaptic densities and fewer
presynaptic vesicles in AD specimens that could be a
contributing factor to synaptic failure in the glomeruli
and the eventual olfactory dysfunction, which is known
to be a common symptom in AD patients. Impaired syn-
aptic transmission between the OSNs and mitral/tufted
cells may explain compromised processing of odour
stimuli in general [28]. It could lead to degeneration of
periglomerular cells, which disrupts the lateral inhibi-
tion processes critical for sharpening sensory inputs and
eventually discriminating odorants [19].

Our PCA analysis showed apparent dissimilarities in
the distribution of degeneration along the dorsal-ventral
axis of the OB (Figure 6). This was in line with the find-
ings from our previous rodent studies suggesting that
region-specific degeneration and pathogenesis might be
associated with the topographical organization of the
OB [29]. In the murine OE, spatial cues within the tissue
can direct the spatially restricted differentiation of the
OSN, critical for normal olfactory function [30]. OSNs,
in turn, play a prominent role in defining the structural
organization and cellular composition of the glomeruli
[31]. According to our findings, it is plausible that a toxic
event caused by spatial Ap accumulation and inflam-
mation leads to ventrally oriented dysregulation of the
OSNs’ axon convergence toward the glomerulus and ab-
normal effects on the structural integrity of the OB. We
propose that the ventrally oriented OB deficit observed
in this study was predominantly caused by an impaired
interaction between the OSNs and olfactory neurons
(mitral and tufted cells) in the glomeruli. Interestingly,
the volumetric analysis showed that OB shrinkage was
mainly caused by atrophy of the glomeruli rather than
a change in their numbers (Figure 2). This provides ad-
ditional evidence that impaired convergence of OSNs’
axons toward the glomerulus could be the cause of tis-
sue loss. Although some deficits were evenly distrib-
uted across the dorsal-ventral axis of the OB, such as
increased microglia reactivity, these changes could be
a consequence of systemic deficits beyond the OSNs’
convergence to the OB. Topographic organization of the

olfactory glomerulus has been well characterized in ro-
dents [6, 9]. A recent study points toward the existence
of this segregation in the human olfactory glomerulus as
well [32]. Moreover, predominantly ventral deficits in the
OB have also been reported along the dorsal-ventral axis
in patients with advanced Parkinson's disease who also
exhibit olfactory dysfunction [32]. These results suggest
that regional differences in vulnerability and resilience
towards degeneration may exist in the primary olfactory
system in AD. In addition, their finding is consistent
with the ‘olfactory vector hypothesis’ for the pathogene-
sis of this neurodegenerative disease [33]. Based on their
hypothesis, the olfactory system may provide a poten-
tial route, which can trigger neurodegenerative diseases.
Microglia monitor the neural system in the resting state
[34]. They can sense an inflammatory response and be-
come reactive following infiltration into the site of injury
[34]. Reactive microglia undergo several morpholog-
ical changes based on their activity level [35]. In AD,
excessive Af accumulation promotes microgliosis [36].
Furthermore, gliosis is a driving force for Ap pathology
by sustaining increased AP levels and accelerating the
pathological vicious cycle [16]. Although the causal rela-
tionship between microglial activation and Ap accumu-
lation in olfactory deficits remains elusive, the olfactory
glomeruli of AD patients undergo intense pathological
alterations following neuroinflammation, which could
likely cause olfactory dysfunction.

We observed significant co-labelling of Ap-
immunoreactivity with oligomeric AB-immunoreactivity
primarily in the glomerular layer (Figure S3). Most de-
posits of Ap aggregates co-existed with oligomeric forms
in the glomerulus layer (Figure S3). Typically, soluble
Aps are cleaved and oligomerized in presynaptic vesi-
cles and released into the extracellular space [13]. These
oligomeric APs accumulate in the extracellular space and
induce toxicity [37]. Since 2010, several studies have re-
ported signs of AB amyloidosis and tau pathology in the
olfactory areas, including OE and OB [17, 18]. However,
those findings have not identified a mechanism by which
those neurodegenerative processes would lead to olfac-
tory dysfunction in AD. It remains to be determined
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whether the misfolded AP protein originates from the
upstream areas in the brain or from OSNs. Altogether,
these data indicate that concomitant inflammatory pro-
cesses and proteopathy occur in the OB of AD patients,
similar to that reported in AD brains [38]. This inflam-
mation could further exacerbate the neurodegeneration
in the OB, resulting in olfactory malfunction [39].

Despite the limitations of our post-mortem approach,
we addressed the potential effects of Ap-associated
pathology on signal processes in the glomeruli. In
periglomerular cells, synaptic transmission is mainly
modulated by dopaminergic periglomerular cells [27].
Periglomerular cells mature and express TH by receiving
inputs from OSNs and release GABA for lateral inhibi-
tion to sharpen the olfactory signals [40]. Therefore, the
dopaminergic periglomerular cells can indirectly indi-
cate the functionality of the OSNs [11, 32, 41]. The fate of
dopaminergic periglomerular cells depends on excitatory
input from the OSNs [19]. After receiving this input from
the OSNs, they mature and release dopamine, which is
critical for the lateral inhibition that sharpens the odour
signals[27]. Therefore, TH expression indicates increased
functional inputs from the OSNs [11, 19]. We observed
that TH-immunoreactivity was drastically reduced in
the glomeruli of AD patients (Figure 5), suggesting the
loss of sensory input from the OSNs. This loss of input
could be caused by a disrupted synaptic structure and
function in the glomeruli, as shown in the electron mi-
croscopy assessment (Figure 7). Notably, most studies to
date suggest that olfactory abnormalities in AD are be-
cause of impaired central information processing rather
than sensory dysfunction, namely ‘conductive’ dysfunc-
tion (reviewed in Rey et al. [33]). Nevertheless, our data
suggest that next to the neurodegeneration present in
the cortical areas, local pathological alterations in the
olfactory glomeruli (i.e. structural disintegration) could
lead to an olfactory dysfunction in patients with AD as
well. Nonetheless, it remains to be determined whether
the pathologies in the olfactory glomerulus precede the
cortical deficits or occur simultaneously. Given the fact
that olfactory dysfunction occurs prior to the onset of
clinical cognitive symptoms, one may suggest that at
least distinct neurodegenerative processes may involve
cortical and OB degeneration in AD.

This study has several limitations. However, we as-
sessed the well-characterized AD patient's olfactory
system. Olfactory deficit is an early feature of AD and
therefore studying the OBs in MCI or early disease stages
could be more relevant. However, we were not able to
obtain those tissues, as olfactory bulb (OB) specimens of
subjects with MCI or early AD are scarce, or come with
severe comorbidities. Moreover, well-characterized AD
specimens must meet strict criteria in terms of anatom-
ical hallmarks of the disease as well as clinical history
[42]. Moreover, many MCI or early AD brain specimens
are obtained from patients with other severe pathologies,

rain
Pathology

which could lead to misleading postmortem findings
[43]. Nevertheless, our study provides novel insights on
olfactory glomerulus pathology as the converging point
of peripheral and central nervous systems. This concept
has been largely unexplored in olfactory dysfunction re-
search in AD. There is ample evidence on microgliosis
occurring in central olfactory glomeruli [44]. However,
its association with neuropathology in AD has not been
proven. In this study, we observed microglia expression
around AP deposits that can provide a rationale to fur-
ther study their association (Figure S4).

Senile plaques and neurofibrillary tangles are among
cardinal hallmarks of AD [45]. Different forms of Ap
molecules are believed to initiate or trigger the mecha-
nisms responsible for tau pathology. For instance, Ap
accumulation accelerates tau pathology by triggering a
pathological cascade in different mouse models [46, 47].
Both AP and tau pathology have been reported in post-
mortem AD olfactory glomerulus [18]. Since neurofibril-
lary tangles originate from the entorhinal cortex [45],
and the olfactory circuit is connected to the entorhinal
areas, it is plausible that the OB could contribute to the
progression of tau pathology. Therefore, further analysis
of tau and neurofibrillary tangles need to be conducted
in the OB.

Taken together, we observed AP pathology and con-
comitant Af-associated pathologic alterations in the
olfactory glomerulus in AD patients. The olfactory
glomeruli showed plausible degeneration with Af accu-
mulation and microgliosis. These alterations, together
with the ultrastructural changes at the level of periglo-
merular cells that regulate neurotransmission by OSN:ss,
indicate that altered glomerular structural integrity may
affect OB function in AD. Remarkably, olfactory glom-
eruli in AD patients were affected to a greater extent on
the ventral side (Figure 6, Table 3), suggesting that im-
paired neuronal interactions could initiate OB degener-
ation in AD. Therefore, damage to the human olfactory
glomerulus with a high Ap burden in AD illustrates the
potential phenotypic features that explain the olfactory
dysfunction in AD. These findings may convey a better
understanding of the loss of olfactory sensation in AD
patients which has received limited attention so far, pro-
viding a better understanding of the underlying mecha-
nisms of AD.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of the article at the publisher’s website.
Supplementary Material

FIGURE S1 Stereological histology experimental
scheme. (a) Coronal sectioning of the olfactory bulb. (b)
Olfactory bulb sections on glass slide. First of every 10"
section was mounted on adhesive glass slides. (c) Section
series; each olfactory bulb was cut in five series, each
consisting of 10 slides

FIGURE S2 Photomicrographs taken from the sections
containing the olfactory bulb (OB) showing the dorsal
and ventral subregions; dorsal (D), ventral (V)

FIGURE S3 Distribution of oligomeric Ap immu-
nohistochemistry in the human olfactory bulb. (A)
Immunofluorescence staining for localization of 6EI0
and All, (green) 6EI10, (red) All, (blue) Hoechst. (B)
Ratio of All immunoreactivity in olfactory glomeru-
lus. Scale bar 100 pm. In (B), two-tailed unpaired z-test
was performed. Statistical significances are denoted as
follows: *p < 0.05. AD, Alzheimer's disease; CTL, age-
matched control

FIGURE S4 Photomicrographs show the olfactory
glomeruli immunohistochemically stained for 6E10 and
IBA-1. Images show the 6E10 and IBA1-positive cells in
the OB glomeruli of healthy controls and AD patients
(A-D). Three-dimensional illustration of 6EI0 and
IBAl-positive cells around the olfactory glomeruli (E).
Hoechst; blue, 6E10; green, IBAI1; red. Scale bar 100 pm.
AD, Alzheimer's disease; CTL, age-matched control; D,
dorsal; V, ventral

Video S1 Three-dimensional reconstruction of a control
olfactory bulb from a normal case based on immuno-
fluorescence of coronal section with antibodies against
VGLUT2, MAP2 and Hoechst counterstaining
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